
i 5360-096bw 

KINETICS OF POTASSIUM CATALYZED GASIFICATION 

P. Knoer and H. W.  Wong. Exxon Research and E n g i n e e r i n g  Co., Baytown 
Research and Development D i v i s i o n ,  P .  0. Box 4255, Baytown, Texas 77520. 

Commercial a p p l i c a t i o n s  o f  t h e  potass ium c a t a l y z e d  c o a l  g a s i f i c a t i o n  
r e a c t i o n  (CCG) a r e  e n v i s i o n e d  t o  i n c l u d e  h i g h  p r e s s u r e  (2000 t o  4000 kPa) and 
h i g h  c o n c e n t r a t i o n s  of hydrogen i n  t h e  g a s i f i c a t i o n  r e a c t o r  (1, 2, 3 ) .  
l i s h e d  l i t e r a t u r e  r e g a r d i n g  CCG, however, r e p o r t  s t u d i e s  c o n d k t F d  Tt low 
p ressu re  o r  w i t h  low c o n c e n t r a t i o n s  o f  hydrogen o r  b o t h  (4, 5, 2). 
presen t  s t u d y  was conducted t o  i n v e s t i g a t e  t h e  g a s i f i c a t i 7 n  r e a c t i o n  under  
commerc ia l l y  r e p r e s e n t a t i v e  c o n d i t i o n s .  Thus, p r e s s u r e  was v a r i e d  from 100 t o  
3500 kPa and hydrogen c o n c e n t r a t i o n  was v a r i e d  f rom 0 t o  60%. 
c o n d i t i o n s ,  such as tempera tu re  and c a t a l y s t  l oad ing ,  were a l s o  v a r i e d  i n  t h i s  

d a t a  from t h i s  s t u d y  were combined w i t h  m e c h a n i s t i c  i n f o r m a t i o n  f rom t h e  
l i t e r a t u r e  ( 6 ) .  
t h e  l i t e r a t u r e  mechanism. 
regressed u s i n g  ove r  1200 p i e c e s  o f  da ta .  
and t h e  d a t a  i s  v e r y  good. 

\ 

Pub- 

The 

Other  r e a c t i o n  

1 s t u d y  t o  check p u b l i s h e d  r e s u l t s  a t  t hese  more r e p r e s e n t a t i v e  c o n d i t i o n s .  The 

On ly  one k i n e t i c  model was found  wh ich  f i t  b o t h  t h e  d a t a  and 
The two a d j u s t a b l e  c o n s t a n t s  f o r  t h i s  model were 

The o v e r a l l  f i t  between t h e  model 

Exper imenta l  Apparatus 

Th is  exper imen ta l  program was c a r r i e d  o u t  u s i n g  a one atmosphere 
m i n i - f l u i d  bed r e a c t o r  and a f i x e d  bed r e a c t o r  capab le  o f  o p e r a t i n g  a t  h i g h  
p ressu re .  The atmospher ic  p r e s s u r e  u n i t  was used t o  s t u d y  v a r i a t i o n s  i n  
c a t a l y s t  l o a d i n g  and temperature.  These s t u d i e s  were conducted u s i n g  b o t h  
H20 o n l y  and H20/H2 m i x t u r e s ,  u s i n g  cha rs  f rom s teady  s t a t e  p i l o t  p l a n t  
o p e r a t i o n s  and cha rs  p repared  b y  d e v o l a t i l i z a t i o n  i n  t h e  l a b o r a t o r y .  

A schemat ic  d iagram o f  t h e  m i n i - f l u i d  bed r e a c t o r  u n i t  i s  shown i n  
F i g u r e  1. The r e a c t o r  p o r t i o n  o f  t h e  u n i t  c o n s i s t s  o f  a 0.6 cm I . D .  q u a r t z  
U-tube i n s i d e  a h o t  s t e e l  b l o c k .  Water i s  f e d  t o  t h e  U- tube u s i n g  a sma l l  
s y r i n g e  pump and i s  v a p o r i z e d  i n  t h e  r e a c t o r .  Argon o r  hydrogen gas i s  a l s o  
f e d  t o  t h e  u n i t .  Ceramic beads a r e  p laced  i n  t h e  i n l e t  l e g  o f  t h e  U- tube t o  
enhance t h e  v a p o r i z a t i o n  o f  wa te r  and t o  h e l p  d i s p e r s e  t h e  gas f l o w .  
gases f rom t h e  r e a c t o r  f l o w  i n t o  an o x i d i z e r  where a l l  ca rbon  spec ies  a r e  
conver ted  t o  carbon d i o x i d e .  A f t e r  condensing any un reac ted  steam, t h e  gas 
stream i s  bubbled th rough  a sodium h y d r o x i d e  s o l u t i o n  where t h e  amount o f  
t o t a l  carbon conver ted  i s  a u t o m a t i c a l l y  m o n i t o r e d  b y  measur ing  t h e  conduc- 
t i v i t y  o f  t h e  s o l u t i o n .  

i z e  t h e  char  p a r t i c l e s .  
which i s  e q u i v a l e n t  t o  about 7 cm/sec l i n e a r  s u p e r f i c i a l  v e l o c i t y  i n  t h e  
r e a c t o r  a t  700°C. The minimum f l u i d i z i n g  v e l o c i t y  o f  t h e  cha r  p a r t i c l e s  i s  
3-4 cm/sec. 
m i n i f l u i d  bed. 

The e x i t  

The argon o r  hydrogen gas f e d  t o  t h e  m i n i - f l u i d  bed se rves  t o  f l u i d -  
The gas r a t e  i s  t y p i c a l l y  about 40 cc /m in  STP 

Char sample s i z e s  v a r i e d  f rom 0.25 grams t o  1.00 gram i n  t h e  
The wa te r  f e e d  r a t e  ranged f rom 0.2 t o  2.5 m l /hou r .  
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The f i x e d  bed r e a c t o r  was used p r i m a r i l y  t o  s tudy  p r e s s u r e  e f f e c t s .  
r u n s  i n  the  f i x e d  bed were made a t  700°C u s i n g  l a b o r a t o r y  prepared cha r .  
V a r i a t i o n s  were made i n  f e e d  gas c o m p o s i t i o n  and f l o w  r a t e .  
d iagram o f  t h e  f i x e d  bed u n i t  i s  shown i n  F i g u r e  2.  The u n i t  c o n s i s t s  o f  a 
h i g h  p ressu re  wa te r  pump, steam genera to r ,  f i x e d  bed r e a c t o r ,  condenser f o r  

A l l  

A s i m p l i f i e d  f l o w  

unreacted steam, gas chromatographs, and d r y  gas f l o w  measurement system. I 

The r e a c t o r  i t s e l f  i s  a one - inch  Schedule 80 t y p e  316 s t a i n l e s s  s t e e l  
p i p e .  The p i p e  h o l d s  a c h a r  sample i n s i d e  a s p l i t  t ube  fu rnace .  

E f f e c t  o f  V a r y i n g  Potass ium-to-Carbon R a t i o  

r a t i o  of po tass ium- to -ca rbon  ( K / C )  i n  t h e  r e a c t o r  w i l l  change as w e l l .  
Therefore, t h e  e f f e c t  o f  c a t a l y s t  l o a d i n g  on k i n e t i c s  must be known i n  
o r d e r  t o  be ab le  t o  o p t i m i z e  i n i t i a l  c a t a l y s t  l o a d i n g  as w e l l  as o v e r a l l  
carbon c o n v e r s i o n  f o r  t h e  CCG process.  Exper iments were conducted i n  t h e  
atmospher ic  m i n i - f l u i d  bed r e a c t o r  t o  de te rm ine  t h e  e f f e c t  o f  carbon con- 
v e r s i o n  and c a t a l y s t  l o a d i n g  on t h e  g a s i f i c a t i o n  r a t e .  

P l o t t i n g  t h e  i n i t i a l  g a s i f i c a t i o n  r a t e s  a g a i n s t  t h e  wa te r  s o l u b l e  K / C  
r a t i o  r e v e a l s  an a p p r o x i m a t e l y  l i n e a r  r e l a t i o n s h i p  between t h e  two as shown i n  
F igu res  3 and 4. 

Th i s  suggests  t h a t  t h e  r a t e  o f  g a s i f i c a t i o n  i s  p r o p o r t i o n a l  t o  t h e  con- 
c e n t r a t i o n  o f  a (C-K) s p e c i e s  r a t h e r  t h a n  carbon o r  po tass ium c o n c e n t r a t i o n s  
p e r  se. A t  h i g h  carbon c o n c e n t r a t i o n s  and low  K / C  r a t i o s ,  t h e  c o n c e n t r a t i o n  o f  
t h e  (C-K) spec ies  i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  (K)  s i n c e  t h e r e  i s  
an overabundance o f  (C ) .  The g a s i f i c a t i o n  r a t e  t h u s  appears t o  be independent 
o f  carbon C o n c e n t r a t i o n  (;.e., ze ro  o r d e r  k i n e t i c s ) ,  A t  low carbon concen t ra -  
t i o n s  and h i g h  K/C r a t i o s ,  t h e r e  i s  an overabundance o f  (K). The g a s i f i c a t i o n  
r a t e  w i l l  t hen  appear t o  be f i r s t  o r d e r  w i t h  r e s p e c t  t o  carbon.  From s t u d i e s  
of  p i l o t  p l a n t  chars,  t h e  demarca t ion  between h i g h  and low K / C  r a t i o s  appears 
t o  be about  0.2 mole C/mole w a t e r  s o l u b l e  potass ium. 

V a r i a t i o n  o f  React  i o n  Temperature 

The dependence of g a s i f i c a t i o n  r a t e  on tempera tu re  was s t u d i e d  i n  t h e  
m i n i - g a s i f i e r ,  b o t h  w i th  and w i t h o u t  H2 i n  t h e  feed  gas. 

F i g u r e  5 shows t h e  measured r e a c t i o n  r a t e s  as a f u n c t i o n  o f  t empera tu re  
f o r  exper imen ts  b o t h  w i t h  and w i t h o u t  H2 i n  t h e  r e a c t o r .  The apparent  tem- 
p e r a t u r e  dependence changes as t h e  c o m p o s i t i o n  o f  t h e  gas f e d  t o  t h e  r e a c t o r  
changes. 
g a s i f i c a t i o n  r a t e  i s  v e r y  s e n s i t i v e  t o  tempera tu re  changes. G a s i f i c a t i o n  
r a t e  app rox ima te l y  h a l v e s  f o r  each 25°C d rop  i n  r e a c t o r  t empera tu re  below 
700'C. 

If t h e  o v e r a l l  ca rbon  c o n v e r s i o n  i s  a l t e r e d  i n  t h e  CCG r e a c t o r ,  t h e  

T h i s  i s  c o n s i s t e n t  w i t h  t h e  e a r l i e r  f i n d i n g s  by o t h e r s  (a). 

From F i g u r e  4 i t  i s  seen t h a t  f o r  H20 + H2 i n  t h e  feed  gas, 
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There i s  an i n t e r a c t i o n  between feed  gas c o m p o s i t i o n  and apparent  
temperature dependence because t h e  m i n i - r e a c t o r  i s  an i n t e g r a l  r e a c t o r .  F o r  
example, when pu re  steam i s  i n t r o d u c e d  a t  t h e  bo t tom o f  t h e  bed of char ,  
a m i x t u r e  o f  H20 + Hp i s s u e s  f rom t h e  t o p  of t h e  bed. 
changes, t h e  gas compos i t i on  a t  v a r i o u s  l o c a t i o n s  i n  t h e  r e a c t o r  changes even 
though t h e  feed  gas remains t h e  same. 
some o f  t h e  change i n  r a t e  i s  due t o  a c t i v a t i o n  energy,  b u t  some o f  t h e  change 
i s  due t o  gas compos i t i on .  A r e a c t o r  model which pe r fo rms  an i n t e g r a t i o n  ove r  
t h e  bed i s  r e q u i r e d  t o  account f o r  b o t h  e f f e c t s .  
i n  t h e  nex t  s e c t i o n  o f  t h i s  r e p o r t  has i d e n t i f i e d  t h e  t r u e  a c t i v a t i o n  energy 
as about 50 k c a l / g  mole. 

As t h e  r a t e  o f  r e a c t i o n  

There fo re ,  as tempera tu re  changes, 

Our mode l i ng  work d i scussed  

G a s i f i c a t i o n  Rate Express ion  

Dur ing  an e a r l i e r  phase o f  research  on t h e  CCG process,  a screen-  
i n g  o f  g a s i f i c a t i o n  r e a c t i o n  r a t e  models was r e p o r t e d  by Vadovic and Eakman 
(5) .  I n  t h i s  screening,  a l l  comb ina t i ons  of f r o m  one t o  f o u r  i n h i b i t i o n  terms 
i n v o l v i n g  t h e  p a r t i a l  p ressu res  of H2, CO, H20, and t h e  c r o s s  p r o d u c t s  o f  
t h e  p a r t i a l  p ressu res  o f  H2and CO, and Hp and H 0 were t e s t e d  i n  t h e  denomina- 
t o r  o f  t h e  g a s i f i c a t i o n  r a t e  exp ress ion .  In a l i ,  t h e y  t e s t e d  t h i r t y  models. 
Those models which gave n e g a t i v e  c o e f f i c i e n t s  on r e g r e s s i o n  were d i sca rded  as 
be ing  p h y s i c a l l y  u n r e a l .  Four  a d d i t i o n a l  models were d i s c a r d e d  because t h e y  
gave an i n f i n i t e  r a t e  f o r  a pu re  s t e m  envi ronment .  
t e s t e d ,  t h r e e  models remained which gave good f i t  t o  t h e i r  d a t a .  
t h r e e  are l i s t e d  below.  

O f  t h e  t h i r t y  models 
These 

Fo r  t h e i r  sc reen ing  o f  g a s i f i c a t i o n  r a t e  models, Vadovic  and Eakman used 
d a t a  from runs  i n  which o n l y  pu re  steam was f e d  t o  t h e  bed o f  c o a l  cha r .  
M i x t u r e s  of HpO and H2 o r  H20, H2, and CO were i n t r o d u c e d  and s t u d i e d  i n  t h e  
p resen t  program. 
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I n  a d d i t i o n  t o  t h e  e m p i r i c a l  data,  m e c h a n i s t i c  c o n s i d e r a t i o n s  were used 
t o  d i s c r i m i n a t e  among t h e  t h r e e  models  f o r  c a t a l y t i c  g a s i f i c a t i o n  k i n e t i c s .  
Severa l  mechanisms have been proposed f o r  t h e  steam-carbon r e a c t i o n  i n  t h e  
p a s t  ( 7 ) .  Recent work b y  Mims and Pabst ( 6 )  i n d i c a t e d  t h a t  t h e  o v e r a l l  
g a s i f i F a t i o n  k i n e t i c s  a r e  c o n s i s t e n t  w i t h  a s imp le  s u r f a c e  o x i d e  mechanism: 

oxygen exchange 

; ,k2 co + s u r f a c e  o x i d e  decompos i t i on  

With t h e  l a r g e r  d a t a  base and t h e  proposed mechanism, i t  was p o s s i b l e  
t o  b e t t e r  d i s t i n g u i s h  among t h e  t h r e e  r a t e  models i d e n t i f i e d  e a r l i e r .  
Model A was found t o  be c o n s i s t e n t  w i t h  b o t h  t h e  mechanism s t u d i e s  and t h e  new 
da ta .  T h i s  model i s  shown i n  genera l  f o rm below: 

Only 

rG = t h e  r a t e  o f  g a s i f i c a t i o n  i n  moles p e r  hour  p e r  f t 3  o f  r e a c t o r  

KG = t h e  e q u i l i b r i u m  c o n s t a n t  f o r  steam and 6 - g r a p h i t e  

P i  = t h e  p a r t i a l  p r e s s u r e  o f  component i i n  t h e  r e a c t o r  
k = t h e  r a t e  c o n s t a n t ;  i t  c o n t a i n s  t h e  c a t a l y s t  l o a d i n g  and tempera- 

t u r e  dependence. 

Parameter E s t i m a t i o n  f o r  t h e  G a s i f i c a t i o n  R e a c t i o n  

A t o t a l  o f  28 s u c c e s s f u l  f i x e d  bed r u n s  were made a t  p ressu res  r a n g i n g  
f r o m  100 t o  3500 kPa, H p  f l o w s  r a n g i n g  f rom 0 t o  1.0 moles p e r  hour, CO 
f l o w s  r a n g i n g  f rom 0 t o  0.17 mo les  pe r  hour  and steam f l o w s  r a n g i n g  f rom 0.3 
t o  1.3 moles pe r  hour .  I t  was observed t h a t  t h e  t o t a l  gas make and gas 
compos i t i on  changed d u r i n g  t h e  r u n s  as carbon was d e p l e t e d  f rom t h e  bed. I t 
was a l so  observed t h a t  t h e  methane and carbon d i o x i d e  were n e a r l y  i n  chemical 
e q u i l i b r i u m  w i t h  t h e  o t h e r  gas phase components f o r  t h e  c o n d i t i o n s  s t u d i e d .  

A comb ina t ion  o f  k i n e t i c  c o n s t a n t s  k and b i n  E q u a t i o n  1 were sought  
which would make t h e  p r e d i c t i o n s  o f  t h e  f i x e d  bed model b e s t  f i t  t h e  f i x e d  
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> 
bed da ta .  
observed molar  f l o w  r a t e s .  
would be as f o l l o w s :  

Best f i t  i s  d e f i n e d  b y  a sma l l  d e v i a t i o n  between p r e d i c t e d  and 
Thus, one e x p r e s s i o n  o f  t h e  o b j e c t i v e  f u n c t i o n  I 

where, 
s = t h e  sum o f  t h e  squares o f  t h e  d e v i a t i o n s  1 

- 
N i j k  = a p r e d i c t e d  m o l a r  f l o w  r a t e  
N i j k  = an observed m o l a r  f l o w  r a t e  

i = a p a r t i c u l a r  gas component (Hp, CO, C02, CH4, o r  H20) 
j = a p a r t i c u l a r  l e v e l  o f  carbon i n  t h e  f i x e d  bed r e a c t o r  
k = a p a r t i c u l a r  f i x e d  bed r e a c t o r  r u n  

\ 
i Hunter  (8)  has shown t h a t  use o f  t h i s  o b j e c t i v e  f u n c t i o n  w i l l  y i e l d  t h e  

maximum l i k e l i h o o d  e s t i m a t e s  f o r  k and b o n l y  i f  t h e  f o l l o w i n g  t h r e e  c r i t e r i a  
a r e  met: 

(1) The measurement e r r o r s  on each o f  t h e  f i v e  gas spec ies  a r e  n o r m a l l y  
d i s t r i b u t e d  and these  e r r o r s  a r e  independent .  

( 2 )  The v a r i a n c e s  on t h e  measurement e r r o r s  o f  a l l  o f  t h e  f i v e  gas 
species a r e  i d e n t i c a l .  

( 3 )  There i s  no c o r r e l a t i o n  between t h e  measurement e r r o r s  f o r  any two 
gas spec ies .  

From t h e  d e s i g n  o f  t h e  exper imen t  we know t h a t  t h e  measurements on  t h e  
f o u r  f i x e d  gases were r e l a t e d  i n  t h a t  t h e y  were a l l  sampled s i m u l t a n e o u s l y  
b y  t h e  gas chromatograph and t h e  compos i t i on  was no rma l i zed .  There fo re ,  an 
e r r o r  i n  t h e  measurement o f  any one o f  t h e  f o u r  f i x e d  gases would be d i s t r i b -  
u t e d  among t h e  o t h e r  t h r e e  f i x e d  gases as w e l l .  Fur thermore,  any e r r o r  i n  t h e  
measurement o f  CO o r  C02 would r e s u l t  i n  an e r r o r  i n  t h e  measurement o f  H20 
as w e l l  s i n c e  H20 y i e l d  was c a l c u l a t e d  b y  oxygen ba lance .  
t h e s e  c o n s i d e r a t i o n s ,  e q u a t i o n  2 was n o t  used as t h e  o b j e c t i v e  f u n c t i o n  f o r  
t h i s  s tudy .  

i n  cases where u n q u a n t i f i e d  c o v a r i a n c e  e x i s t s  i n  t h e  exper imen ta l  measurements: 

m i  n i m i  ze A = d e t  I Snm I 

where, 

As a r e s u l t  o f  

Box and Draper  (9) have d e r i v e d  t h e  f o l l o w i n g  o b j e c t i v e  f u n c t i o n  f o r  use 

A = t h e  de te rm inan t  o f  t h e  5 x 5 m a t r i x  composed o f  e lements Snm 
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where, I 

n,m = p a r t i c u l a r  gas components 
j , k  = as above. 

Hunter  ( 8 )  recommends t h e  use o f  t h i s  o b j e c t i v e  f u n c t i o n  when covar iance 
m i g h t  e x i s t  in t h e  exper imen ta l  measurements. 

Rosenbrock ’s  h i l l  c l i m b i n g  method (10) was used t o  search f o r  t h e  optimum 
va lues  o f  k and b i n  e q u a t i o n  1. 
r e a c t o r  model equa t ions  were n u m e r i c a l l y  i n t e g r a t e d  28 t imes ;  i . e . ,  once f o r  
each f i x e d  bed r e a c t o r  r u n  b e i n g  e s t i m a t e d .  
r e a c t o r  runs,  comparisons between c a l c u l a t e d  and observed m o l a r  f l o w  r a t e s  
were made f o r  8 t o  10 d i f f e r e n t  l e v e l s  o f  carbon i n  bed. W i th  f i v e  d i f f e r e n t  
gas species b e i n g  es t ima ted ,  t h e r e  were o v e r  1200 comparisons made f o r  each 
guess o f  a k,b p a i r .  For  each guess, t h e  a p p r o p r i a t e  c r o s s  p r o d u c t s  o f  
d e v i a t i o n s  were c a l c u l a t e d  and accumulated t o  f o r m  t h e  5 X 5 m a t r i x  o f  e l e -  
ments Snm. 
Rosenbrock r o u t i n e  t o  make a new guess a t  k and b.  

R e s u l t s  o f  t h e  Regress ion  

The i n i t i a l  guesses f o r  k and b were t a k e n  f r o m  t h e  r e s u l t s  o f  Vadovic 
and Eakman (5) .  

k = 0.0204 
b = 0.1775 

Fo r  e a 3  s e t  o f  k and b, t h e  f i x e d  bed 

Fo r  each o f  t h e  28 f i x e d  bed J 

The de te rm inan t  o f  t h i s  m a t r i x  was c a l c u l a t e d  and used by t h e  

-__ 

For  700°C and t h e  K / C  r a t i o  used these  were as f o l l o w s :  

The r o u t i n e  r e t u r n e d  t h e  f o l l o w i n g  va lues:  

k = 0.0173 
b = 0.2080 

F i g u r e s  6 th rough  10 a r e  p a r i t y  p l o t s  o f  t h e  p r e d i c t e d  and observed va lues 
of t h e  mo la r  f l o w  r a t e s  o f  H2, CO, Cop, CH4, and H20. 
show t h a t  t h e  f i x e d  bed r e a c t o r  model does a good j o b  o f  p r e d i c t i n g  a l l  o f  t he  
gas species from t h e  f i x e d  bed r e a c t o r  r u n s  ove r  a wide v a r i e t y  o f  c o n d i t i o n s  
wi th  t h e  e x c e p t i o n  of CH4. A s l i g h t  o v e r p r e d i c t i o n  o f  CH4 y i e l d  i s  observed. 

The p a r i t y  p l o t s  

Conclus ions 

The po tass ium c a t a l y z e d  g a s i f i c a t i o n  o f  I l l i n o i s  No. 6 b i t u m i n o u s  c o a l  
was found t o  f i t  a Langmuir -Hinshelwood t y p e  k i n e t i c  model. 
p r o v i d e s  a good f i t  t o  f i x e d  bed and m i n i a t u r e  f l u i d  bed d a t a  ove r  p ressu res  

T h i s  model 
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ranging from atmojpheric t o  3500 kPa and over broad ranges of gas composition. 
The model closely predicted the observed flow ra tes  of each specie in the 
product gas over a range of an crder of magnitude o r  more. This model i s  
consistent w i t h  the surface oxide mechanism for  the steam-carbon reaction 
which was proposed in ear l ie r  l i t e ra ture .  A sophisticated s t a t i s t i c a l  regres- 
sion technique was used to choose the two adjustable constants for t h i s  model 
by comparison with over 1200 pieces of data. 

practical commercial in te res t .  This kinet ic  model may be combined with 
independently verified correlations for  bubble growth and mass t ransfer  i n  a 
fluidized bed and used d i rec t ly  t o  study larger p i lo t  plant data or scale-up 
issues. 

I 

The kinetic constants were regressed from d a t a  taken over the range of 
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FIGURE 7 - 
CALCULATED AND OBSERVED FLOW RATES OF CARBON MONOXIDE 
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